Astrocytes are important regulatory elements in brain function. They respond to neurotransmitters and release gliotransmitters that modulate synaptic transmission. However, the cell-and synapse-specificity of the functional relationship between astrocytes and neurons in certain brain circuits remains unknown. In the dorsal striatum, which mainly comprises two intermingled subtypes (striatonigral and striatopallidal) of medium spiny neurons (MSNs) and synapses belonging to two neural circuits (the direct and indirect pathways of the basal ganglia), subpopulations of astrocytes selectively responded to specific MSN subtype activity. These subpopulations of astrocytes released glutamate that selectively activated N-methyl-D-aspartate receptors in homotypic, but not heterotypic, MSNs. Likewise, astrocyte subpopulations selectively regulated homotypic synapses through metabotropic glutamate receptor activation. Therefore, bidirectional astrocyte-neuron signaling selectively occurs between specific subpopulations of astrocytes, neurons, and synapses.
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A strocytes respond to synaptically released neurotransmitters and release gliotransmitters that regulate synaptic transmission [ (1) (2) (3) (4) (5) (6) , but see (7) (8) ]. However, the question of whether this functional relationship is celland synapse-specific remains unexplored. To address this issue, we studied the dorsal striatum, which presents unique structural and functional properties, because it mainly comprises two subtypes of intermingled but molecularly identifiable neurons [striatonigral and striatopallidal medium spiny neurons (MSNs)] and synapses belonging to two distinct neural circuits (the basal ganglia's direct and indirect pathways). Hence, individual MSNs can be selectively stimulated while analyzing the astrocytic activity and the consequent neuromodulation of particular neurons and synapses.
We first performed paired recordings of MSNs, stimulating one neuron by depolarization and monitoring corticostriatal excitatory postsynaptic currents (EPSCs) in that neuron (homoneuronal synapses) as well as in the adjacent neuron (heteroneuronal synapses) (Fig. 1A and supplementary materials). The stimulation of single MSNs by depolarizing pulses or action potential trains ( fig. S1 ), which trigger endocannabinoid (eCB) release (9) (10) (11) (12) , induced a transient depression (76.5 ± 2.9% relative to the control EPSC amplitude, P < 0.001) in 16 out of 33 homoneuronal synapses (48.5%) (Fig. 1, B and C) . This synaptic depression was abolished by the cannabinoid receptor type 1 (CB1R) antagonist AM251 (2 mM, n = 10 MSN pairs), was absent in slices from CB1R-deficient (CB1R −/− ) mice (n = 24 MSN pairs) (Fig.  1C) , and was associated with an increase in the paired-pulse ratio (PPR; n = 16 MSN pairs) ( fig.  S1G ). This indicates that the depression corresponded to a depolarization-induced suppression of excitation (DSE) mediated by the activation of presynaptic CB1Rs (13) .
In contrast, in simultaneously recorded heteroneuronal synapses, MSN stimulation induced a transient potentiation (138.5 ± 7.7% relative to the control EPSC amplitude, P < 0.001) in 7 out of 16 synapses (43.8%) (Fig. 1 , B and C) that concomitantly evoked DSE in homoneuronal synapses. No changes were detected in the rest of the heteroneuronal synapses ( fig. S2 ). This potentiation was abolished by AM251 (n = 7 MSN pairs), was absent in CB1R −/− mice (n = 24) (Fig. 1C) , and was accompanied by a PPR decrease (n = 7 MSN pairs) ( fig. S1G ), indicating that it was also mediated by CB1R activation. Because the eCB-mediated DSE has been well characterized in MSNs (9, 12), we focused our study on the heteroneuronal synaptic responses. The two types of MSNs are not spatially segregated, but they express different dopamine receptors. Their projections form the origin of the direct and indirect pathways of the basal ganglia motor circuit. Direct-pathway striatonigral MSNs express D1 receptors, and indirect-pathway striatopallidal MSNs express D2 receptors (termed D1 and D2 MSNs, respectively) (14, 15) . We investigated whether eCB-mediated heteroneuronal synaptic potentiation was specific of the neuronal subtypes, using Drd1a-tdTomato and Drd2-EGFP bacterial artificial chromosome (BAC) transgenic mice that respectively allowed the identification of the D1 and D2 MSNs (16, 17) (Fig. 1D) . We recorded homotypic (D1-D1 or D2-D2) and heterotypic (D1-D2) pairs of MSNs, stimulating one neuron to evoke eCB release and analyzing synaptic transmission in the other neuron (Fig. 1E) . Stimulation of either D1 or D2 MSNs induced a heteroneuronal potentiation selectively in homotypic pairs (n = 10 out of 11 D1-D1 pairs and 11 out of 12 D2-D2 pairs), but no synaptic changes were observed in heterotypic MSNs (n = 13 D1-D2 and 12 D2-D1 pairs in which D1 and D2 MSNs were stimulated, respectively) (Fig. 1F) . This heteroneuronal potentiation between homotypic neurons was abolished by AM251 (n = 10 D1-D1 and 11 D2-D2 pairs) and absent in mice produced by crossing Drd1a-tdTomato and CB1R
−/− mice (D1-Tom-CB1R
−/− ; n = 13 D1-D1 and 12 nonfluorescence and putatively D2-D2 pairs) (Fig. 1G) . The different synaptic regulation of homotypic and heterotypic neurons was not due to differences in eCB release, because only neuronal pairs that showed homoneuronal DSE were considered ( fig. S3 ). Taken together, these results indicate cell-specific signaling between MSN subtypes belonging to the direct or indirect basal ganglia pathways.
The synaptic potentiation of homotypic MSNs was abolished by antagonists of the group I metabotropic glutamate receptors (mGluR 5/1 ) MPEP (50 mM) and LY367385 (100 mM), suggesting the participation of glutamate (n = 10 D1-D1 and 11 D2-D2 pairs) (Fig. 1G ). Consistent with a presynaptic mechanism suggested by PPR changes, in paired recordings of homotypic MSNs in which one neuron was loaded with guanosine 5´-O-(2´-thiodiphosphate) (GDP-b-S; 2 mM) to prevent postsynaptic mGluR-mediated signaling (confirmed by the absence of calcium elevations in response to application of the mGluR 5/1 agonist DHPG) ( The neuronal release of eCBs can activate astrocytic CB1Rs and stimulate glutamate release in the hippocampus and cortex (18) (19) (20) (18, (21) (22) (23) . Therefore, eCBs released from MSNs elevated astrocytic Ca 2+ through CB1R activation (Fig. 2H) .
We then tested whether the heteroneuronal potentiation required the astrocyte Ca 2+ signal. This potentiation was absent in IP 3 R2 mice (n = 28) (Fig. 2I) ; however, DSE recorded in homoneuronal synapses was unaffected ( fig.  S5 ) (18) , indicating that the eCB-release machinery and neuronal CB1R activation was preserved in these animals. Conversely, the selective increase of Ca 2+ levels by ultraviolet (UV)-flash photolysis of the Ca 2+ cage o-nitrophenyl-EGTA (NP-EGTA), loaded in whole-cell recorded astrocytes, potentiated the synaptic transmission.
We next monitored N-methyl-D-aspartate receptor (NMDAR)-dependent neuronal slow inward currents (SICs) (24) (25) (26) , which are a biological assay to detect astrocytic glutamate release (1). In MSN-pair recordings, stimulation of one neuron elevated astrocyte Ca 2+ levels and increased the frequency of SICs in adjacent MSNs ( Fig. 2 ; G, J, and K). SICs were abolished by the NMDAR antagonist AP5 (50 mM), without affecting the astrocyte Ca 2+ signals (n = 11 MSN pairs), and were unaffected by tetrodotoxin (1 mM, n = 8 MSN pairs) (Fig. 2L) (Fig. 2H and fig. S7 ).
Hence, eCBs released from MSNs activate CB1Rs in astrocytes, which elevate their intracellular Ca 2+ and stimulate the release of glutamate that activates neuronal NMDARs. In aggregate, these findings indicate that MSNs signal to astrocytes through eCBs, and, in turn, astrocytes signal to MSNs through glutamate.
We then studied whether the reciprocal signaling between astrocytes and MSNs was cell type-specific and pathway-specific. First, we investigated whether subpopulations of astrocytes were functionally associated with MSN subtypes by monitoring astrocytic Ca 2+ levels and recording pairs of identified homotypic or heterotypic MSNs. The number of responding astrocytes, as well as the increase in the Ca 2+ -spike probability and oscillation frequency, were similar upon stimulation of D1 and D2 MSNs (Fig. 3, A to D) . However, whereas 55.4 ± 7.0% (n = 117 astrocytes, 14 slices) and 46.1 ± 4.8% (n = 129 astrocytes, 12 slices) of the astrocytes responded to depolarization of homotypic D1-D1 or D2-D2 MSNs, respectively, only 10.7 ± 3.2% of the astrocytes (n = 118 astrocytes, 14 slices) responded to stimulation of both types of D1-D2 MSNs in heterotypic pairs (Fig. 3, E to G) . Subsets of astrocytes thus selectively responded to the activity of either D1 or D2 MSNs, which suggests the existence of specific neuron-to-astrocyte signaling between specific MSN subtypes and particular striatal astrocytes.
We then tested whether the astrocyte-toneuron signaling shown in Fig. 2 was restricted to particular neuronal subtypes by analyzing SICs in identified MSN pairs. In homotypic pairs, stimulation of one neuron increased SIC frequency in adjacent MSNs (n = 12 D1-D1 and 15 D2-D2 pairs). In contrast, in heterotypic pairs, MSN stimulation failed to increase the SIC frequency (n = 17 D1-D2 and 13 D2-D1 pairs, where D1 or D2 MSNs were stimulated and SICs were recorded from D2 or D1 MSNs, respectively) (Fig. 3, H and  I ). This indicates that the nonsynaptic astrocytemediated communication between MSNs was specific of homotypic cell subtypes and restricted to particular striatal pathways. These results suggest the existence of functional astro-neuronal networks defined by the presence of selective astrocyte-neuron bidirectional signaling between specific cell subtypes.
We therefore asked whether subpopulations of astrocytes regulated specific subsets of synapses belonging to the direct and indirect basal ganglia pathways. We performed triple wholecell recordings of sets of two heterotypic MSNs with a single astrocyte. We first identified astrocytes that responded to the depolarization of either D1 or D2 MSNs. Then, an identified astrocyte was loaded with NP-EGTA (5 mM) to be stimulated by UV-flash photolysis. Finally, another pair of heterotypic neurons was recorded to monitor the synaptic responses (Fig. 4, A to C) . Uncaging of Ca 2+ in astrocytes that responded to D1-MSN stimulation evoked a transient synaptic potentiation exclusively in D1 MSNs (n = 7 out of 9 triple recordings) without affecting neurotransmission in D2 MSNs (n = 9 out of 9 triple recordings). Likewise, selective UV-flash stimulation of D2-responding astrocytes selectively enhanced synaptic transmission in D2 (n = 8 out of 9) but not in D1 MSNs (n = 9 out of 9) (Fig. 4, D and  E) . These results indicate that astrocyte-mediated synaptic regulation is restricted to signaling between subsets of astrocytes and particular synapses. Although some reports have questioned the physiological significance of the astrocyte Ca 2+ signal and its neuromodulatory consequences (7, 8) , our findings reveal that this signal can be triggered by endogenous stimuli of neuronal origin and that its effects on synaptic function are delicately regulated.
Astrocytes and neurons in the dorsal striatum selectively interact in a cell-and synapse-specific manner, and striatal astrocytes display a functional heterogeneity based on selective signaling with particular neuron subtypes and synapses belonging to the basal ganglia's direct and indirect pathways (Fig. 4F) . The activities of both pathways are fundamental in motor control (27) , and their imbalances underlie motor deficits in Parkinson's (10, 11, 28, 29 ) and Huntington's diseases (30) . Selective regulation of specific synapses by astrocytes indicates that they may be involved in the plitude changes recorded from D1 and D2 MSNs before and after UV-flash stimulation of D1-or D2-responding astrocytes (n = 9 and 9; *P < 0.05, ***P < 0.001; Student´s t test). Data are expressed as mean T SEM. (F) Scheme representing striatal astro-neuronal networks. Stimulation of MSNs (D1 or D2) promotes eCB release that increases Ca 2+ in a specific subpopulation of astrocytes, which then release glutamate that modulates excitability and synaptic transmission selectively in homotypic neurons through activation of NMDARs and group I mGluRs, respectively.
coordinated activity of these networks in the striatal function, and, therefore, they may participate in its dysfunction in brain disorders. Our results demonstrate the existence of functional astro-neuronal networks that comprise subpopulations of astrocytes, neurons, and synapses belonging to specific brain circuits, which may differentially control specific circuit activity through selective signaling between particular astrocytes and neurons.
